1,3 -1,4-b-D-Glucanase (lichenase) and 1,3-b-D-glucanase (laminarinase) are fibrolytic enzymes which play an important role in the hydrolysis of polysaccharide components. Both of these glucanases have been employed in a number of industrial applications. This study aims to improve or combine the novel properties of both glucanases in an attempt to create desirable hybrid enzymes with economic benefits for industrial applications. A truncated and mutated 1,3-1,4-b-D-glucanase gene (TFs W203F ) from Fibrobacter succinogenes, and a 1,3-b-D-glucanase gene (TmLam) from hyperthermophilic Thermotoga maritima were used as target enzymes. The substrate-binding domains (TmB 1 and TmB 2 ) and the catalytic domain (TmLam CD ) of TmLam were ligated to the N-or C-terminus of TFs W203F to create four hybrid enzymes, TmB 1 -TFs W203F , TFs W203F -TmB 2 , TmB 1 -TFs W203F -TmB 2 and TFs W203F -TmLam CD . The results obtained from kinetic studies show that increased specific activities and turnover rate for lichenan and laminarin were observed in TmB 1 -TFs W203F -TmB 2 and TFs W203F -TmLam CD , respectively. Furthermore, fluorescence and circular dichroism spectrometric analyses indicated that the hybrid TFs W203F -TmLam CD was structurally more stable than the parental TFs W203F , which was attributed to an improved thermal tolerance of the hybrid enzyme. This study has been successful in creating bifunctional hybrid glucanases with dual substrate catalytic functions which warrant further evaluation of their possible use in industrial applications.
. An enzyme from GH family 16 or 17 with similar substrate specificity is widely found in bacteria (Planas, 2000; Chen et al., 2001; Furtado et al., 2011) , fungi (Tang et al., 2012) and plants (Litts et al., 1990; Hrmova and Fincher, 2001) . In general, bacterial 1,3-1,4-b-D-glucanases are intrinsically more thermostable than plant enzymes, and are used as important biotechnological aids in the brewing industry, for the purpose of reducing viscosity during mashing and in the animal feeds industry and thus enhancing the digestibility of a plant-based diet (Helmut, 1998; Celestino et al., 2006) . Out of the bacterial strains that secrete 1,3 -1,4-b-D-glucanase, the enzyme from a rumen bacterium Fibrobacter succinogenes (Fsb-glucanase) plays a major role in plant fiber degradation in the rumen of most livestock species.
We have comprehensively investigated and characterized the structure and functional relationships of Fsb-glucanase. For instance, it has been proposed that Glu
56
, Asp 58 and Glu 60 residues located in the active site cavity of the enzyme play key roles in enzyme catalysis, functioning as general acid -base residues (Chen et al., 2001) , and that Trp , Arg 137 and Asn 139 located in the substrate-binding pocket (Chen et al., 2010) , may also individually affect the catalytic functions of Fsb-glucanase, owing to direct interactions through hydrogen bonds or van der Waals stacking of aromatic rings onto glucose subsites of the substrate. It was notable that an approximately 4-fold increase of turnover number (k cat ) and catalytic efficiency was observed when the wild-type Fsb-glucanase was truncated 10 kDa at its C-terminus (TF-glucanase) and expressed in Pichia host cells, and that moreover 80% of its original activity was retained after a 10-min treatment at 908C (Tsai et al., 2005; Wen et al., 2005) . We have also elucidated the three-dimensional structures of various wild-type or mutant forms of truncated Fsb-glucanases free or complexed with b-1,3 -1,4-cellutriose, by X-ray crystallography. The protein structure was revealed to consist mainly of two eightstranded anti-parallel b-sheets arranged in a jellyroll b-sandwich (Tsai et al., 2003 (Tsai et al., , 2005 Chen et al., 2010; Tsai et al., 2011) .
Endo-1,3-b-D-glucanase (EC 3.2.1.39, laminarinase), another fibrolytic enzyme, hydrolyzes internal b-1,3-glycosidic linkages in b-1,3-glucans, which form the main component of the cell wall in yeasts and filamentous fungi and the major structural and storage polysaccharide in marine macroalgae such as Laminaria saccharina (Zverlov et al., 2001; Gévaert et al., 2003) . This enzyme is widely identified in plants (Kaku et al., 1997; Martin and Somers, 2004) and fungi (Hong et al., 2002; McLeod et al., 2003) , as well as in bacteria (Bronnenmeier et al., 1995; Zverlov et al., 1997 Zverlov et al., , 2001 Hong et al., 2002) . In industrial applications, † The paper is from the INPEC meeting. ‡ These authors contributed equally to this article.
1,3-b-D-glucanases have a potential for commercial yeast extract production or for the conversion of algal biomass to fermentable sugars in the generation of bioenergy (Ryan and Ward, 1985; Shi et al., 2010) . The enzymes also have antimycotic activity for disease protection in plants (Jwanny et al., 2001; Hong and Meng, 2003) . The 1,3-b-D-glucanases isolated from hyperthermophilic bacteria (e.g. Thermotoga species) and archaea (e.g. Pyrococcus furiosus), with their inherent thermal stability, have attracted a great deal of attention for their potential in biotechnological applications.
Thermotoga maritima is a hyperthermophilic, anaerobic, saccharolytic and Gram-negative bacterium isolated from geothermally heated marine sediment (Nelson et al., 1999) . The gene encoding the thermostable laminarinase from T. maritima MSB8 (TmLam), which is composed of a GH family 16 catalytic domain flanked by two family 4 carbohydratebinding modules (CBM4-1 and CBM4-2) at each terminus, has been identified (Nelson et al., 1999; Boraston et al., 2002; Jeng et al., 2011) . A counterpart enzyme from T. neapolitana was similarly identified with three domains (Zverlov et al., 2001) . Although the crystal structures of the CBMs and the catalytic domain of TmLam have been characterized very recently (Jeng et al., 2011) , the catalytic and physio-chemical properties of the CBMs or catalytic domain remain, however, poorly researched, and only sporadic studies have been reported (Zverlov et al., 2001; Boraston et al., 2002; Cicortas Gunnarsson et al., 2004) . Because lichenase and laminarinase are individually valuable in industrial applications, in this study we therefore employed a combinatorial protein engineering approach using TFs W203F together with three distinct domains of TmLam as templates, in an attempt to create novel hybrid or bifunctional glucanases. The kinetic properties and structural models were characterized to demonstrate how the created chimeric enzymes are superior to the separate parental enzymes.
Materials and methods

Bacterial strains and cultivation
Thermotoga maritima MSB8 (Huber et al., 1986) was purchased from ATCC (DSM 3109) and used as the source for the cloning of the 1,3-b-D-glucanase (TmLam) gene. T. maritima cells were grown anaerobically at 708C in a growth medium (ATCC #2114 broth) composed of 25% artificial sea water (v/v) supplemented with the following components (g/ L): soluble starch, 5.0; yeast extract, 0.5; NaCl, 20; KH 2 PO 4 , 0.5; NiCl 2 †6H 2 O, 0.002; Na 2 S †9H 2 O, 0.5; resazurin, 0.001; as well as Wolfe's mineral solution (1.5%, v/v). Escherichia coli strain XL-1 Blue (Stratagene) was used for the purpose of cloning, and BL21(DE3) (Novagen) competent cells were employed for the overexpression of cloned genes. The conditions for cultivation of recombinant cells, media and overexpression were in accordance with previously published methods (Wen et al., 2005) , and plasmid pET26b(þ) was used for the cloning and expression of recombinant glucanase genes.
Construction of plasmids for expression of parental and hybrid glucanases
TmLam gene cloning-The chromosomal DNA of T. maritima was isolated from the cultured cell using the QIAGEN Genomic-tip 20/G (QIAGEN), and used as the template for polymerase chain reaction (PCR) amplification of the open reading frame of TmLam gene by a pair of specific primers TmNcoI and TmNotI, without the presence of N-terminal signal sequence (Supplementary Table SI ). The amplified DNA fragments were digested with NcoI and NotI and then subcloned into pET26b(þ) vector to form pTmLam.
Recombinant glucanase genes construction-The TFs W203F plasmid ( pTFs W203F ), previously created in our lab (Tsai et al., 2011) , was used to create hybrid enzymes with the CBM and catalytic domains of TmLam. The strategies and primers for the construction of hybrid glucanase genes are shown in Supplementary Fig. S1 and Supplementary Table SI. The DNA fragments of N-terminal CBM4-1 (TmB 1 ) and C-terminal CBM4-2 (TmB 2 ) from the TmLam gene were obtained by PCR amplification with specific primer pairs, 5A and TmB 1 (2)/NcoI and TmB 2 (þ)/EcoRI and 3B, respectively. The amplified DNA products were digested with appropriate restriction enzymes and ligated into plasmids pTFs W203F , before being pre-digested with the same restriction enzymes to obtain new chimera plasmids pTmB 1 -TFs W203F and pTFs W203F -TmB 2 . Furthermore, the amplified TmB 1 DNA fragments and plasmid pTFs W203F -TmB 2 were all pre-digested with NcoI and then ligated together to create another gene construct, pTmB 1 -TFs W203F -TmB 2 . The chimera plasmids containing the catalytic domain of TmLam, pTmLam CD or the hybrid enzyme genes, pTFs W203F -TmLam CD and pTmLam CDTFs W203F, in other fibrolytic enzymes, were created and obtained using specific pairs of primers: TmB 1 (þ)/NcoI and TmB 2 (2)/HindIII, TmB 1 (þ)/NcoI and TmB 2 (2)/NcoI as well as TmB 1 (þ)/EcoRI and TmB 2 (2)/NotI, respectively.
All of the created gene constructs were verified by the automated sequencing method through the use of the ABI Prism BigDye Terminator Cycle Sequencing Ready Reaction kit (Applied Biosystems). The confirmed plasmid genes were transformed into E. coli BL21(DE3) host cells for protein overexpression.
Expression and purification of recombinant proteins
The E. coli BL21(DE3) cells harboring the appropriate plasmid were grown in 2 l of LB medium containing kanamycin at 338C until the OD 600 reached 0.8 -1.0. Protein expression was then induced by the addition of IPTG (0.6 mM) and allowing the culture to shake at 28-308C for 16 h. The supernatant, containing expressed proteins, was harvested from the culture medium, and PMSF (1 mM) and leupeptin (1 mg/ml) were added to avoid protein degradation. Subsequently, the supernatant was concentrated using a Pellicon TM -2 Mini Cassette Holder with a Biomax TM 10K filter assembled on a Labscale TM TFF system (Millipore). The concentrate was dialyzed against sodium phosphate buffer (50 mM, pH 8.0) containing imidazole (10 mM) and NaCl (0.3 M) at 48C, and the resulting solution was applied to a 1.5 Â 20 cm column containing pre-equilibrated HIS-select TM nickel affinity gel (Sigma). The column was then washed with sodium phosphate buffer (50 mM, pH 8.0) containing imidazole (20 mM) and NaCl (0.3 M), followed with a five-time column volume of imidazole gradient (20 -250 mM) in the same buffer, for protein elution. The fractions were analyzed by 12% sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE), and the target proteins were pooled together for dialysis against sodium phosphate buffer (50 mM, pH 7.0) at 48C. Purified proteins were stored in the presence of glycerol (10%) at 2208C, and protein concentration was determined by the Bradford method (Bio-Rad), using BSA (Sigma) as the standard.
Kinetic studies
The enzymatic activities of the purified parental or hybrid glucanases were measured by determining the rate of reducing sugar production from the hydrolysis of substrates, lichenan and laminarin (Sigma). The reduction of sugars was quantified by the use of 3,5-dinitrosalicylic acid (DNS) reagent (Wood and Bhat, 1988) , with glucose as the standard. A standard enzyme activity assay was performed in a 0.3-ml reaction mixture, as described previously . One unit of enzyme activity was defined as the amount of enzyme required to produce 1 mmol of reducing sugar (glucose equivalent) per minute, and the specific activity was expressed in mmol of glucose per minute per nmol of protein. Various amounts of purified enzymes were used in each kinetic assay reaction, depending on the enzymatic activity. The kinetic data were analyzed using either ENZFITTER (Biosoft).
On gel substrate-enzyme binding analysis
The substrate-binding capability of the single domain and hybrid glucanases was evaluated using affinity SDS-PAGE. Unheated protein samples in a lysis buffer, in which the enzymes were not denatured and remained active, were separated on a 12% SDS gel with or without the presence of 0.1% substrate lichenan, along with a set of molecular weight (MW) standards (PageRuler TM Prestained Protein Ladder 10-170-kDa, Fermentas) on the same gel. After electrophoresis, proteins were visualized by staining with Coomassie brilliant blue R-250. Rf 0 and Rf were defined as the ratio of the migration distance moved by each protein sample to the migration distance of the dye front on gel without and with substrate, respectively.
Effects of temperature on parental and hybrid glucanases
Purified parental and hybrid glucanases were incubated individually for 10 min at temperatures within the range of 308C and 808C, at intervals of 58C. Residual enzyme activity was determined immediately after heat treatment in sodium citrate buffer (50 mM, pH 6.0) at 458C using lichenan as the substrate .
Fluorescence spectrometry
The fluorescence emission spectra of TFs W203F and TFs W203F -TmLam CD were taken on an AMICO-Bowman Series 2 spectrometer (Spectronic Instruments) with a 10 Â 10 mm quartz cuvette incubated at 208C, 508C and 758C, respectively. Emission spectra were recorded from 310 to 430 nm by excitation at 295 nm, with a 4-nm monochromator bandpass. A final protein concentration of 30 mg/ml in sodium phosphate buffer (50 mM, pH 7.0) was used for all assays. Glucanase samples denatured with urea (8 M), or urea-denatured and then renatured by dialysis against sodium phosphate buffer (50 mM, pH 7.0) at 48C for 24 h, were also analyzed for their fluorescence emission spectra at 258C. Each measurement was carried out in triplicate.
Circular dichroism spectrometry
Circular dichroism (CD) spectrometric studies on the TFs W203F and TFs W203F -TmLam CD proteins were carried out on a Jasco J715 CD spectrometer with a 10-mm cell at a range of temperatures from 308C to 908C. Spectra were collected from 200 to 260 nm in 0.1 nm increments. Each spectrum was blank-collected and smoothed using a software package provided with the instruments.
Protein reactivation assays
Purified TFs W203F and TFs W203F -TmLam CD enzyme (30 mg/ ml) were pretreated at 908C for 10 min and then transferred to room temperature (258C). Recovery of enzymatic activity and protein re-folding of the heat-treated proteins within a 10-min time frame at room temperature were measured using standard enzyme activity assay and fluorescence spectrometry, respectively.
Structural modeling
In order to facilitate the interpretation of the kinetic data of TFs W203F and hybrid enzymes from a structural point of view, we created a protein model complexed with oligosaccharides using the 3D structures of TmB 2 (1GUI_A), truncated Fsb-glucanase, TFs (1ZM1_A) (Tsai et al., 2005) , TFs W203F (3H0O_A) (Tsai et al., 2011) and TmLam CD (3AZZ_A) (Jeng et al., 2011) , all previously published by our research team, along with a model of TmB 1 newly created for this study, the structure of which has not yet been resolved. The structural model of TmB 1 was generated by using the HHpred (Söding et al., 2005) , a website for homology detection and structure prediction by HMM -HMM comparison, based on the top five templates with the highest scores (PDB accession code: 3K4Z_A, 1CX1_A, 3P6B_A, 1GU3_A and 1GUI_A). The secondary structure matching (SSM) algorithm, with default settings for multiple 3D alignment in the PDBeFold server (Krissinel and Henrick, 2004) , was used to superimpose all protein structures. After this the proteins were docked with b-1,3-cellohexose (from 1GUI) or b-1,3 -1,4-celloheptaose (modeled), which were generated and energy minimized by Coot (Emsley and Cowtan, 2004) and REFMAC5 (Murshudov et al., 2011) from the CCP4 program suite (Collaborative Computational Project, Number 4, 1994; Winn et al., 2011) , with the b-1,3 -1,4-cellotriose in 1ZM1 as the template. The structural figures were then produced using PyMOL (DeLano Scientific; http://www.pymol .org).
Results
Construction and purification of hybrid glucanases
The N-terminal CBM domain TmB 1 (sequence range 19-176), catalytic domain TmLam CD (sequence range 211 -488), and C-terminal CBM domain TmB 2 (sequence range 495-642) of TmLam ( Supplementary Fig. S1 ) were amplified using by PCR, and then ligated to the TFs W203F enzyme in different combinations (Fig. 1A) . The confirmed gene sequences were subcloned into the pET26b(þ) vector, and four recombinant chimera proteins, TmB 1 -TFs W203F (50.3 kDa), TFs W203F -TmB 2 (46.3 kDa), TmB 1 -TFs W203F -TmB 2 (66.8 kDa) and TFs W203F -TmLam CD (61.3 kDa), were then successfully expressed in E. coli BL21(DE3) host cells Dual-functional hybrid glucanases as extracellular proteins. The recombinant proteins were purified from the culture media using a nickel affinity column, and protein purity was judged by SDS-PAGE (Fig. 1B) and zymography analyses (data not shown).
Affinity SDS-PAGE analysis of substrate -enzyme binding
The substrate-binding ability and behavior of the non-catalytic modules TmB 1 and TmB 2 from heterogeneous enzyme (TmLam) in the constructs of hybrid lichenases were evaluated by visualizing the relative mobility retardation of individual proteins in 12% SDS gel with or without the presence of 0.1% lichenan, along with a set of MW standards on the same gel. The relative mobility distances (Rf values) of the MW standards were used as the negative control of substrate retardation effect and as the reference for demonstrating the electrophoretic quality of the same set of protein samples separated in two independent gels with or without substrate ( Supplementary Fig. S2 ). After electrophoresis, the proteins with a single-or double-catalytic domains, TFs W203F , Tm CD and TFs W203F -Tm CD , only had little differences on their Rf 0 and Rf values obtained from plain gel and substratecontaining gel electrophoresis, respectively (Supplementary Table SII ). The calculated retardation coefficient K r (.10) revealed no observable retardation (Zverlov et al., 2001) . Notably, both TmB 1 -TFs W203F -TmB 2 and TmB 1 -TFs W203F enzymes showed significant discrepancies between Rf 0 and Rf values, and as a result, K r values (1 and 2) were within the range representing retardation (6.0 -0.1). Although little changes of both Rf 0 and Rf values and high K r value (.10) were observed for TFs W203F -TmB 2 protein, a group of smeared tailing bands distributed at higher MW range than the original protein band of TFs W203 -TmB 2 in lichenancontaining gel, suggesting retardation occurred. These results indicate that CBMs from thermophilic T. maritima could function normally for substrate binding when fused with TFs W203F from mesophilic F. succinogenes.
Kinetic properties of parental and hybrid glucanases
The kinetic properties of purified parental TFs W203F , TmLam CD and their hybrid glucanases were determined under their respective optimal pH and temperature, with lichenan and/or laminarin as the substrate. The values for the Michaelis constant (K M ) , turnover number (k cat ) and catalytic efficiency (k cat /K M ) are presented in Table I . To compare the specific activities among the enzymes with differing molecular mass in this study, the specific activity is expressed as unit per nmol (U/nmol) of the protein. When lichenan was used as the substrate, the specific activity, k cat , K M and k cat /K M of TFs W203F were determined as 626 + 38 U/nmol, 10 100 s 21 , and 5.3 + 0.6 mg/ml, and 1908 s 21 (mg/ml) 21 , respectively. As compared, the kinetic data of the truncated mutant TFs W203F with the truncated wild-type PCR-TF-glucanase from the same organism Fibrobacter succinogenes which we published previously (Wen et al., 2005) , TFs W203F showed a 1.4-fold increase in the catalytic efficiency [1908 vs. 1358 
]. TFs W203F was thus used as the parental enzyme to create various hybrid enzymes in this study. The kinetic data in Table I showed that the hybrid enzymes, TmB 1 -TFs W203F , TFs W203F -TmB 2 and TmB 1 -TFs W203F -TmB 2 , had either a slight increase or very similar specific activity and turnover number ( 1.1-fold) to that of TFs W203F , while a slight decrease (1.2-fold) was found in TFs W203F -TmLam CD . The K M for lichenan increased 2.0-fold in TmB 1 -TFs W203F and 2.6-fold in TFs W203F -TmLam CD , and decreased slightly (1.3-fold) in TmB 1 -TFs W203F -TmB 2 . Given this, the catalytic efficiency of the hybrid enzymes increased by 1.5-fold in TmB 1 -TFs W203F -TmB 2 , but decreased by 1.8-fold and 3.1-fold respectively, in TmB 1 -TFs W203F and TFs W203F -TmLam CD relative to that of TFs W203F (Table I) ], owing to an increase in K M value (5.0 + 0.0 mg/ml) ( Table I) .
Temperature and pH effects on parental and hybrid glucanases
The effects of temperature and pH on the enzymatic activity of the purified parental and hybrid glucanases were also examined. The optimal temperature for TFs W203F , TFs W203F -TmLam CD , TmB 1 -TFs W203F , TFs W203F -TmB 2 and TmB 1 -TFs W203F -TmB 2 was between 458C and 508C, and an optimal pH of 6.0 or 7.0 was observed. The optimal temperature of TmLam CD was approximately 958C. All of the enzymes exhibited similar pH response profiles in terms of their activities when the individual enzymes were preincubated at room temperature for 1 h in buffers with pH values ranging from 3.0 to 9.0. All of the enzymes showed ,20% residual activity after pH 3.0 pre-treatment, and little or no difference (85 -100% activity) was found in the tested enzymes pre-incubated at pH 4.0-9.0 (data not shown).
To investigate the influence of the newly introduced protein domain(s) on the thermal stability of TFs W203F , the proteins were incubated individually for 10 min at temperatures between the range of 308C and 808C in 58C steps, and the residual enzyme activities measured using lichenan as the substrate. As shown in Fig. 2A , little difference in temperature sensitivity was observed at 30 -458C in all test enzymes, but when the temperature was increased to 508C, TFs W203F only retained 38% of its activity, whereas the TFs W203F fused with TmLam CD enzyme remained 76% active: other hybrid enzymes were shown to retain between 50 and 62% of their original activity under the same treatment. In pretreatment at !558C, on the other hand, the enzymatic activity of all the tested enzymes fell significantly, to ,20%.
CD and fluorescence spectrometric analyses
Because TFs W203F and TFs W203F -TmLam CD exhibited the most differing temperature sensitivity at 508C out of the enzymes compared, we therefore examined their secondary structures at temperatures between 308C and 908C at 108C intervals, using CD spectroscopy. The CD spectral profile of TFs W203F protein revealed no difference at 308C and 408C, but protein unfolding and a substantial loss of structural integrity appeared when temperatures were elevated to 508C or 708C, and protein denaturated at temperatures between 808C and 908C, with random coiled spectra occurring (Fig. 2B) . Surprisingly, only minor alterations were observed in the CD spectra of TFs W203F -TmLam CD when the temperatures were The kinetic study performed with laminarin used as a substrate showed no detectable activity. e One unit of enzyme activity was defined as the amount of enzyme required to produce 1 mmol of reducing sugar per minute. f The enzymatic reaction was performed at the respective optimal temperatures and pHs as indicated.
Dual-functional hybrid glucanases
increased from 308C to 908C, which suggests that TFs W203F -TmLam CD possesses superior thermal stability to TFs W203F . Furthermore, fluorescence spectrometry was employed to investigate the structural integrity of TFs W203F and TFs W203F -TmLam CD glucanases under native (258C), heattreated (508C and 758C), 8 M urea-denatured and denatured/ renatured conditions. At 258C and 508C, the emission spectra of both glucanases showed similar profiles, with a maximum emission peak of 336 nm (Fig. 2C) . When emission spectra were monitored at 758C, however, the profile of TFs W203F exhibited a significant bathochromic (red) shift, peaking at 344 nm, whereas the TFs W203F -TmB 2 protein displayed little or no difference between 258C, 508C and 758C. When the Fig. 2 . Effect of temperature on the enzymatic activity of parental TFs W203F and its hybrid glucanases. (A) Purified enzymes were incubated for 10 min at 308C, 408C, 458C, 508C, 558C, 608C, 708C and 808C, respectively, in sodium phosphate buffer (50 mM, pH 7.0). Enzyme activity was assayed by the standard method described in Materials and methods. Each assay was performed either in triplicate or in quadruplicate. (B) Circular dichroism (CD) spectra of TFs W203F and TFs W203F -TmLam CD under heat treatment at the temperatures indicated. Details are in Materials and Methods. (C) Fluorescence emission spectra at 310-340 nm for TFs W203F and TFs W203F -TmLam CD are shown. Each enzyme comprised 30 mg/ml in sodium phosphate buffer (50 mM, pH 7.0) or in an 8 M urea-phosphate buffer (denatured). The excitation wavelength was 295 nm. enzymes were treated with denaturant 8 M urea, significant red shifts, with a maximum peak at 352 nm and a slight shoulder at 382 nm, were observed. The urea-denatured enzymes were then dialyzed against sodium phosphate buffer (50 mM, pH 7.0) for 24 h in order to remove the denaturant and allow the protein to refold. The renatured enzymes were then analyzed for their fluorescence emission spectra under the same conditions. As the results in Fig. 2C show, the maximum spectra of both denatured ( purple line) and renatured (blue line) proteins were shifted back to 336 nm and superimposed on the native protein spectrum, with few or no differences visible. These results indicate that although the structure of TFs W203F displays greater sensitivity to high temperatures than the hybrid TFs W203F -TmLam CD , it was possible to effectively refold both enzyme structures to a native-like structure after urea denaturing.
Protein reactivation profile of TFs W203F and TFs W203F -TmLam CD To evaluate the recovery efficiency of enzymatic activity after high-temperature treatment (908C, 10 min), the activities of TFs W203F and hybrid TFs W203F -TmLam CD recovered at room temperature at different time intervals were examined, in parallel to monitoring the fluorescence emission spectra of the enzymes. As shown in Fig. 3 , within 110 s both TFs W203F and hybrid TFs W203F -TmLam CD recovered approximately 27-34% activity, and after a 10-min recovery time, parental TFs W203F and hybrid TFs W203F -TmLam CD reached 48 and 63% of their original activities, respectively. Meanwhile, the relative fluorescence intensity recovered 88 and 83% in TFs W203F and TFs W203F -TmLam CD , respectively. Thermal stability is an important criterion for enzymes, especially as regards their applications in the brewing and animal feeds industry, where malting or feed pelleting processes usually operate at high temperatures (.908C) (Hong et al., 2009) . Hybrid TFs W203F capable of enduring extreme conditions and gradually recovering its enzymatic activity at room temperature may therefore be desirable from an industrial point of view. et al., 2005) (Table I) . TFs W203F was thus used as the parental enzyme to fuse with the three distinct domains of thermophilic laminarinase from T. maritima, with a view to creating an improved enzyme.
Kinetic characterization showed that the overall kinetic parameters of parental TFs W203F activity were improved when TmB 1 and TmB 2 were ligated at the N-and C-terminus (TmB 1 -TFs W203F -TmB 2 ) respectively. As noted, the catalytic efficiency of hybrid TmB 1 -TFs W203F -TmB 2 is 1.5-fold higher than TFs W203F (Table I) . On the other hand, although a 3.1-fold decrease in catalytic efficiency was observed in the hybrid enzyme fused with two catalytic domains, TFs W203F -TmLam CD , the bifunctional enzyme was shown to be more resistant to heat treatment than the parental TFs W203F, as demonstrated by the CD and fluorescence emission spectral analyses (Fig. 2) . Moreover, after treatment at 908C, it was possible to recover 63% of the activity of the bi-functional TFs W203F -TmLam CD enzyme, whereas only 48% of activity was detected in the parental TFs W203F . This demonstrates that, in terms of specific activity, there is no significant difference between the enzymes after hightemperature treatment (323 vs. 300 U/nmol). These results suggest that the increased stability or heat tolerance of the hybrid enzyme might be attributed to the catalytic domain Fig. 3 . Recovery of enzymatic activity and fluorescence emission intensity of (A) TFs W203F and (B) TFs W203F -TmLam CD at ambient temperature after heat treatment at 908C for 10 min. The residual enzyme activity of heat-treated protein was measured every 18 s from when it was transferred from the incubator at 908C to ambient temperature (258C), in a 10-min period. The fluorescence emission spectra of the treated enzymes were taken immediately after treatment at 908C and monitored for 10 min.
Dual-functional hybrid glucanases (TmLam CD ) of the highly thermostable enzyme TmLam. For this reason, on the evidence of this study it remains true that hybrid glucanases of high thermal tolerance show great potential for industrial uses.
By modeling (Fig. 4A) , b-1,3 -1,4-celloheptaose (representing the original substrate lichenan) fitted neatly into the catalytic cleft of TFs W203F , but laminarihexose (representative of laminarin) did not fit well, and indeed collided with the residues at the active site. The three sequential b-1,3-glucose moieties in the modeled laminarihexose did, however, fit neatly into the active site of TFs W203F . Because the TFs W203F -TmLam CD showed an improvement (a 3.6-fold increase) in specific activity against laminarin as compared with TmLam CD alone (Table I) , and because we have recently demonstrated that laminaritriose is the major product of TmLam CD toward the substrate laminarin (Jeng et al., 2011) , we suggest that the TFs W203F domain in TFs W203F -TmLam CD may play a role in capturing the product laminaritriose, which results in the facilitation and enhancement of the catalytic activity of TFs W203F -TmLam CD toward laminarin. However, a slight decrease (2.6 3.7-fold) in binding affinity with lichenan and laminarin was also observed in the hybrid enzyme compared to the TFs W203F and TmLam CD domain alone, suggesting that there might be some subtle steric hindrance from other domains in the hybrid glucanases. On the other hand, in the modeled structures of TmLam CD complexed with b-1,3 -1,4-celloheptaose and laminarihexose (Fig. 4B ) the oligosaccharides all fitted nicely into the catalytic cleft of the laminarinase, which in combination with the kinetic data indicated that TmLam CD is capable of hydrolyzing both types of b-glucan substrate (Table I) .
There have been studies of the effect of CBMs on the activity of a number of endocellulases (Linder and Teeri, 1997; Belaich et al., 2002) . Some of these results suggest that CBMs enhance the enzymatic activity of cellulases by disrupting the crystalline cellulose structure or by increasing effective enzyme concentration at the substrate surface, and in turn improve the substrate accessibility (Linder and Teeri, 1997; Southall et al., 1999) . A fusion protein created by introducing a hyperthermophilic CBM from Pyrococcus furiosus into an endo-glucanase (Cel74) from another hyperthermophilic bacterium T. maritima (Tm) which did not contain a CBM, has enhanced activity in the presence of microcrystalline cellulose as compared with the parental enzyme (Chhabra and Kelly, 2002) . TmB 2 is known for its ability to bind to b-1,3 and b-1,3 -1,4-glucan (Boraston et al., 2001 ) and the counterparts of TmB 1 and TmB 2 from T. neapolitana also showed a binding affinity to both laminarin and b-glucan or lichenan. According to the results of the gel retardation assay in this study, the hybrid TFs W203F flanked by TmB 1 and TmB 2 at N-, C-or both termini of TFs W203F exhibited a lichenan binding affinity, as visualized by mobility retardation in affinity gel electrophoresis (Fig. 1) . It is interesting to observe that the hybrid proteins TmB 1 -TFs W203F and TmB 1 -TFs W203F -TmB 2 , containing both TmB 1 and TFs W203F domains with more positive charge residues distributed on their protein surfaces (Fig. 4A and C) , revealed the most significant substrate retardation effect on SDS gel compared with the TFs W203F -TmB 2 , which also showed retardation on the gel. These phenomena might be due to lichenan displaces SDS particularly from the two proteins and resulted in the significant retardation effect. In the cases of other three enzymes with single or double catalytic domains and without containing carbohydrate-binding module (TFs W203F , TmLam CD and TFs W203F -TmLam CD ), their K r values calculated from affinity gel electrophoresis may be biased by the intrinsic hydrolytic activity of the proteins toward substrate lichenan, which could diminish obvious retardation because they were active in the electrophoretic SDS gel as examined by zymography analyses (data not shown).
On the basis of the structural modeling results in Fig. 4C and D, both TmB 1 and TmB 2 form a concave catalytic-like open cleft like that of TFs W203F , which probably contributes to holding the lichenan chain in place, and in turn to facilitating the efficient hydrolysis of lichenan in TFsw 203F (Table I) . Furthermore, in comparison to the TmB 1 and TmB 2 structures modeled, the narrow gate formed by two tryptophans in the binding cleft of TmB 2 ( 7.6-8.2 Å , Fig. 4D ) is wider than the carbohydrate-binding cleft of TmB 1 ( 6.3-7.3 Å ) for polysaccharide binding, which may explain TmB 1 -TFs W203F has a lower lichenan-binding affinity than TFs W203F -TmB 2 (Table I ). The co-existence of both CBMs in TFs W203F do, however, compensate somewhat for the weaker substrate binding, with a consequent slight decrease in K M value, and a corresponding improvement in the overall catalytic efficiency of TmB 1 -TFs W203F -TmB 2 as compared with the single-domain enzyme TFs W203F [2834 vs. 1908 s 21 (mg/ml)
21
].
In conclusion, we have been successful in using the structural-based domain fusion approach to endow the 1,3-1,4-b-D-glucanase with improved activity through the introduction of CBMs from thermophilic T. maritima 1,3-b-D-glucanase (TmLam). In addition to this, improvements in thermal tolerance and the creation of a bifunctional lichenase through ligation with the catalytic domain of TmLam were also achieved, which may enhance the economic benefits of the enzymes in industrial applications.
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